We studied the effect of metal mixture (MM), comprising As, Cd, and Pb, in developing female rat skeleton from gestation day 5 until postnatal day 60 (P-60). MM resulted in synergistic inhibition in viability and differentiation of osteoblasts in vitro, likely induced by reactive oxygen species. MM, administered at their most frequently occurring concentrations present in the groundwater of India, i.e., As: 0.38 ppm, Pb: 0.22 ppm, and Cd: 0.098 ppm or 10× of the ratio to developing rats, exhibited a synergistic decrease in ex vivo mineralization of bone marrow stromal (osteoprogenitor) cells. MM group showed a dose-dependent attenuation in weight and axial lengths and shortening of tibias at P-60. Furthermore, the growth plate was shortened, which was associated with shorter proliferative and hypertrophic zones, decreased parathyroid hormone-related protein and Indian hedgehog expression in the chondrocytes, reduced primary and secondary spongiosa, and hypomineralized osteoids-a major characteristic of osteomalacia. In addition, compared with the control, MM-treated rats were clearly osteopenic based on bone mineral density, microarchitecture, biomechanical strength, and particularly the biochemical profile, that suggested high turnover bone loss. Finally, in comparison to the control, the fracturehealing ability of MM group was delayed and accompanied by inferior quality of the healed bone. Together, these data demonstrated that the mixture of As, Cd, and Pb induced synergistic toxicity to developing skeleton, thereby diminishing modelingdirected bone accrual, inducing osteopenia and dampening fracture healing.
During development, skeletal tissue assimilates heavy metals to which they are exposed (Gdula-Argasińska et al., 2004) . The incorporated metals are eliminated by resorption, a process that signals the beginning of the bone remodeling cycle (Raisz, 1999) . Bone remodeling in an adult individual occurs at approximately 10% per year. Therefore, by this process, several years are required to completely eliminate heavy metals from the skeleton. However, deposition of the heavy metals for an extended period could affect skeletal physiology (Raisz, 1999) , whose extent and consequence have not been systematically studied.
Arsenic (As), cadmium (Cd), and lead (Pb) are the prime metal contaminants of groundwater in different parts of the world, which are reported to be toxic to developing bones (Jadhav et al., 2007) . Arsenic trioxide, used for tumor treatment, affects osteoblast function and bone remodeling in rats (Hu et al., 2012) . Prolonged exposure to Cd results in the abnormalities in bone biomarkers (Youness et al., 2012) and calcium metabolism (Kazantzis, 2004) , inducing osteomalacia (Blainey et al., 1980) and increasing risk of fracture and osteoporosis (Engström et al., 2012) . Bone is a major site for long-term Pb storage (Barbosa et al., 2005) , which negatively affects bone mass (Beier et al., 2013) and promotes osteoporosis in postmenopausal women (Silbergeld et al., 1988 ). An exposure-dependent relationship was found between blood Pb levels and the bone resorption biomarkers (Téllez-Rojo et al., 2004) .
However, these detrimental effects of a single metal exposure demand their cumulative hazard assessment. The interactions between the metals may lead to alterations in both tissue trace metal levels and toxicity (Mahaffey et al., 1981) . The effect may be dose additive, interactive (synergistic or antagonistic), or independent of each other.
In mammals, the endochondral bone growth starts during early gestation, accelerates at midgestation, and continues until sexual maturity (Wongdee et al., 2012) . The bone growth involves the formation of calcified cartilage in the growth plate (GP), which is first converted into woven spongy bone (made up of bony trabeculae of mineralized cartilage cores) and further remodeled into lamellar trabecular bone in the metaphysis (Price et al., 1994) . These processes involve the regulation of proliferation, differentiation, and apoptosis of chondrocytes in the GP (Aizawa et al., 1997) . The parathyroid hormonerelated protein (PTHrP) determines the chondrocyte population in the proliferative zone (PZ), and the Indian hedgehog (IhH), localized to a zone of postmitotic and prehypertrophic chondrocytes immediately adjacent to the PZ, increases the pool .
The factors affecting bone development during intrauterine life may involve an alteration in the viability of the osteoblasts and differentiation of bone marrow stromal cells (BMSCs) (Lanham et al., 2008) characterized by their ability to form mineralized nodules in vitro (Schecroun and Delloye, 2003) . The high levels of oxidants generated by osteoclasts during bone remodeling (Li et al., 2002; Steinbeck et al., 1994) induce mitochondrial dysfunction (Srinivasan et al., 2010) that may culminate into apoptosis (Almeida et al., 2010) or necrosis in osteoblasts (Rudić et al., 2013) and enhance the risk factor for osteoporosis in later life (Nojiri et al., 2011) . The cellular process of fracture healing that mimics endochondral ossification, involving cartilaginous template formation, vascularization, replacement of chondrocytes with osteoblasts, deposition of bone matrix, and bone remodeling (Ferguson et al., 1999) may be delayed. However, none of these parameters have been investigated in situations involving an exposure to a heavy metal mixture (MM).
In this study, we demonstrated the toxic effect (synergistic, additive, or antagonistic) of As, Cd, and Pb mixture, at doses found in groundwater of India (As: 0.38 ppm, Pb: 0.22 ppm, and Cd: 0.098 ppm) or 10 times of it (Jadhav et al., 2007; Rai et al., 2010) , to better understand the combined action of the metals on skeletal development and bone accrual. We investigated changes in skeletal parameters by bone microarchitecture, GP histomorphometry, bone mineral density (BMD), biomechanical strength (Cohen, 2006) , and the metabolic markers, such as serum type I collagen N-terminal propeptide (PINP) (Koivula et al., 2012) , osteocalcin (Kanbur et al., 2002) , and urinary C-terminal telopeptide (CTx) (Gorai, 2006) , in female rats exposed to MM during development. We further focused on the fracture-healing ability, induced by drill-hole injury of bone and marrow, in the MM-exposed rats. Collectively, our data bring forth the adverse role of As, Cd, and Pb in developing bones, which may lead to poor skeletal quality at maturity. Animals and experimental procedure. All animal-handling procedures were carried out in accordance with the current regulations of the IITR-Institutional Animal Ethics Committee and with their prior approval for using the animals. The pregnant female Wistar rats (180 g) were procured from IITR and were housed in a 12-h day and light cycle environment with ad libitum availability of diet and reverse osmosis (RO) water. Standard laboratory rodent chow diet and water were provided ad libitum (Khan et al., 2013; Rai et al., 2010; Sharan et al., 2011) . Size of the pellet diet was 9-15 mm in diameter, and the composition was strictly in accordance to the guideline of the nutrient requirement of laboratory animals provided by The National Research Council, India, which conformed to the instruction of U.S. Food and Drug Adiministration (21 CFR part 58). The dams were treated daily with the metals (Table 1) in RO water from gestation day 5 (G-05) until the pups weaned (postnatal day 21, P-21). From P-22, the rats were directly treated until P-60. The treatment was given by oral gavage using a 5-ml syringe attached to an intubation needle (Coleparmer). The feeding volume, keeping the concentration constant, ranged from 1 to 3 ml as per the weight of animal recorded daily (per kg body weight). The procedure was well tolerated. For the drill-hole injury group (method described below), the treatment was continued for 12 days postinjury from P-60 ( Fig. 1) . The snout-to-tail length of the developing rats was measured using a ruler, and the excised tibial length was measured with a Vernier caliper.
Ex vivo mineralization of BMSCs.
The mineralization of BMSC was carried out following a previously published protocol. Briefly, the developing rats were exposed to the metals, individually or at 10× concentration of MM (Table 1) , from G-05 until P-60. The BMSC was flushed out in osteoblast differentiation medium (containing 10 −7 M dexamethasone) from one of the long bones. Released BMSCs were seeded (2 × 10 6 cells/well) onto 12-well plates and cultured for 19 days with a medium change every 48 h. At the end of the experiment, mineralized nodules were stained and quantified as described in the case of RCO.
Metal levels in serum. The serum samples (0.5 ml) from rats were acid digested with perchloric acid and nitric acid (1:3), followed by slow heating on sand bath at 60°C until the serum became clear (Prohaska et al., 2000; Zachara et al., 1988) . The sample volume was made up with 1% nitric acid and analyzed by graphite furnace atomic absorption spectrometer (Zee nit 700P-Analytik Jena AG, Jena, Germany). Calibration curves were plotted using known amounts of the metal standards (Sigma). The calibration standards of Pb, Cd, and As were, respectively, in the ranges of 0.2-5.0, 0.01-0.10, and 0.1-2.0 µg/ ml. The linear regression coefficient was found to be around 0.9960. The percent relative SDs of intra-and interday analyses of Pb in serum were in the order of 2.5 and 6.0%, respectively.
Histology. The rats were sacrificed; tibia was dissected and separated from adjacent tissue, cleaned, fixed in 4% PFA for 48 h, and then kept in 70% ethanol at 4°C until further use. For histochemistry, the 4% PFA-fixed tibias were then decalcified using an Ultrasonic Decalcifier (Medite, GmbH, Burgdorf, Germany). The epiphyseal segments of tibia were embedded in paraffin wax by directly plugging with hot paraffin at 70°C. Transverse sections (6 µm) of the tibia were cut using Leica RM 2165 microtome (Leica Microsystems, Nussloch, Germany) and then stained with hematoxylin and eosin (H&E). Photomicrographs of stained sections were taken using Nikon Eclipse E600 microscope (Tallahassee, FL). Serial sections were further used for histomorphometry using software Image-Pro (Magnus Analytics, New Delhi, India). TUNEL assay. Tibia bones from each animal group were dissected, fixed in 4% PFA, decalcified in decalcifier, and embedded in paraffin, and 6-µm transverse sections were made. After deparaffinization and hydration, endogenous peroxidase activity in the tissue sections was blocked with 0.3% H 2 O 2 in methanol for 30 min. Nonspecific binding was blocked by incubating sections in a buffer containing PBS with 1% BSA, 0.1% rat serum, and 0.1% Triton X-100 (all vol/vol) for 30 min at room temperature. The sections were washed with PBS, and apoptotic cells were detected using TUNEL assay as per previous protocol . The sections were costained with Hoechst for 5 min in dark, mounted with Vectashield medium, and viewed under fluorescence microscope (Nikon Instech Co. Ltd, Kawasaki, Kanagawa, Japan). TUNEL-positive cells were counted in five randomly selected fields from three bone sections of each group. Around 100 cells in each area were scored and quantified with Image-J software 1.47d version (NIH, Bethesda, MD) and Image-Pro plus 5.1 (Media-Cybernetics Inc., Silver Spring, MD).
Immunohistochemical staining. Paraffin-embedded sections were deparaffinized, rehydrated, and incubated in methanol containing 0.3% H 2 O 2 . Blocking was done in a blocking buffer of the kit (Vectastain Elite ABC kit), washed with PBS and incubated overnight at 4°C with the primary antibodies PThrP (1:100) and Ihh (1:100). The PBS-rinsed sections were then incubated with biotinylated secondary antibody for 1 h and then with the Elite ABC reagent for 30 min. Immunoperoxidase staining was carried out with DAB chromogen as described previously (Rai et al., 2010) and visualized under optical microscope.
Alcian blue and Alizarin red-S staining.
Undecalcified upper tibial GPs and subjacent metaphyseal bone from vehicle and MM-10×-exposed rats were dissected. Bones were fixed in 2.5% glutaraldehyde and then embedded in methyl methacrylate. Standard light microscopy was performed on 55-μmthick sections of the acrylate-embedded bones. Sections were costained with Alizarin red-S and alcian blue following a previously reported protocol (Wallin et al., 1994) with some modifications. Briefly, sections were rinsed with PBS and stained first with 0.02% alcian blue (3% acetic acid, 80% ethanol, pH 2.5) for 10 min for cartilage staining. The sections were washed with acetone:xylene solution and then stained with 0.03% Alizarin red-S, pH 4.1 for 15 min. After washing with water for three times, dried slides were mounted in DPX mounting medium (Sigma). Images were taken using Nikon Eclipse E600 microscope.
TAble 1 Metals and MM (Gavage solution Concentrations) Used in the
In Vivo study
Treatments
In vivo (dose)
Control
Water (vehicle) MM (1×) NaAsO 2 : 0.380 ppm Pb(C 2 H 3 O 2 ) 2 : 0.220 ppm CdCl 2 : 0.098 ppm MM (10×) NaAsO 2 : 3.80 ppm Pb(C 2 H 3 O 2 ) 2 : 2.220 ppm CdCl 2 : 0.98 ppm As (individual treatment) NaAsO 2 : 11.4 ppm, i.e., three times of its concentration in 10× MM Cd (individual treatment) CdCl 2 : 2.94 ppm, i.e., three times of its concentration in 10× MM Pb (individual treatment) Pb(C 2 H 3 O 2 ) 2 : 6.660 ppm, i.e., three times of its concentration in 10× MM
FIG. 1.
Exposure duration for vehicle (water) and MM (As, Cd, and Pb), and sample collection, in vivo in female rats.
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Microcomputed tomography. High-resolution microcomputed tomography (µCT) was used to provide the 2D and 3D information on bone geometry. The rats were anaesthetized; femora and tibiae were dissected, cleaned of soft tissue, and fixed before storage in 70% isopropanol. The samples were scanned in batches of three at a nominal resolution (pixels) of 18 μm. Reconstruction was carried out using a modified Feldkamp algorithm using the Sky Scan Nrecon software (Sky Scan, Ltd., Kartuizersweg, Kontich, Belgium), which facilitates network-distributed reconstruction, carried out on four personal computers running simultaneously. The x-ray source was set at 70 kV and 100 mA, with a pixel size of 18 μm. A hundred projections were acquired over an angle of 180°. The image slices were reconstructed using the cone-beam reconstruction software version 2.6 based on the Sky Scan 1076μCT scanner (Aartselaar, Belgium) as described previously (Ngueguim et al., 2012; Sharan et al., 2011) . The trabecular bone was extracted by drawing ellipsoid contours with the CT analyzer software. Trabecular bone volume (BV/TV; percentage), trabecular number (Tb.N), and trabecular separation (Tb.Sp; mm) of femur epiphysis and proximal tibial metaphysis were calculated by the mean intercept length method. Trabecular thickness (Tb.Th; mm) was calculated according to the method of Hildebrand and Ruegsegger (Ngueguim et al., 2012) . 3D parameters were based on analysis of a Marching cubes-type model with a rendered surface. Cortical thickness, cortical area, cortical perimeter, periosteal perimeter, and endosteal perimeter were calculated by 2D analysis of cortical bones of femur (mid-diaphysis) and the tibiofibula separating point. To ensure consistency of cortical parameters, 100 slices were selected in cortical region, leaving 250 slices as offset (to exclude the trabecular region) from the start of GP1 as a reference point.
To analyze 3D parameters in fractured femurs, whole bone was scanned, and 600 slices of 8 μm in thickness were placed through the former fracture area. The center of the fracture callus was defined manually as the point where the previous organization of the cortical bone in the fracture area was nearly nonexistent. Twenty five slices of 18 μm were placed above and below. Mineralized tissues in all the specimens were segmented from nonmineralized background using threshold value of 210. BV/TV, Tb.N, Tb.Th, Tb.Sp, connection density (Conn.D), and structure model index (SMI) in the fracture area were recorded. The thickness of excised bone GP was determined using the Sky Scan 1076 as described in a previously published protocol (Sharan et al., 2011) .
Measurement of bone-turnover markers.
Animals were kept in metabolic cages without food but with the respective treatments and water ad libitum. The fasting urine samples were collected after 24 h. According to our previously published protocol (Pandey et al., 2010) , urinary CTx levels and serum PINP and osteocalcin were determined by ELISA (Immunodiagnostic Systems Ltd.), following the manufacturer's protocols. Urinary creatinine (Cr) was measured by automated biochemistry analyzer (MerkSelectra Junior) for normalizing the CTx data.
Drill-hole injury in femur.
A drill-hole injury was created in both vehicle and MM-10×-exposed female rats at P-60, as described before (Ngueguim et al., 2012; Sharan et al., 2011) . Briefly, the rats were anesthetized by ip injection of a cocktail of ketamine (80 mg/kg) and xylazine (10 mg/kg) (Khan et al., 2013) . The front skin of the midfemur was incised straight and longitudinally at 1 cm in length, muscle split, and periosteum tripped to expose the femoral bone surface. A drill-hole injury was made by inserting a drill bit with a diameter of 0.8 mm in the anterior portion of the diaphysis of the bilateral femurs, 2 cm above the knee joint. Each animal received ip administration of fluorochrome calcein (20 mg/kg) on 11th day. On the 12h day, the rats were anesthetized using ketamine-xylazine and sacrificed to collect their femur for the measurement of bone microarchitectural parameters in the drill hole. The bones were kept in 70% isopropanol and embedded in an acrylic material. Then, 50-μm sections were made from the bones using Isomet Bone cutter followed by photography under confocal microscope (LSM 510 Meta, Carl Zeiss, Inc., Thornwood, NY) with appropriate filters. The intensity of calcein binding (an indicator of new mineral deposition) was calculated using Carl Zeiss AM 4.2 image analysis software.
Statistical analysis.
Data are presented as means ± SE of indicated number of experiments. Statistical analysis was carried out using GraphPad Prism 3.02 software. Data were analyzed by one-way ANOVA followed by post hoc Newman-Keuls multiple comparison test.
resUlTs

Effect of the Metals on RCO, Ex Vivo Mineralization and Serum Levels
We first determined the effect of As, Cd, or Pb on the viability of the RCO. The individual metals were cytotoxic ( Table 2) . The cytotoxicity of Cd was higher than As and Pb. We compared the cytotoxic effect of the individual metals with the MM. We treated the RCO with the metals at moderately toxic concentrations, i.e., 20 or 60% of their IC 50 values. The treatment concentrations for As were 10 or 30µM, for Cd were 1 or 3µM, and for Pb were 20 or 60µM. The RCO were treated with MM at 10, 1, and 20µM of As, Cd, and Pb, respectively, i.e., a mixture of one third of the higher concentration of individual metals. The cell viability was then assessed. Individually, Cd, at both the concentrations, and As and Pb, only at their higher concentrations, inhibited RCO viability. The MM induced higher cytotoxicity than the individual metals, and the effect was synergistic, having a CI value of 0.706 ( Fig. 2A) . We performed subsequent studies with the higher concentration of individual metal and the MM.
To understand the cytotoxic mechanism, we measured the ROS levels. All three metals, individually, raised the ROS levels at 3 h; however, the MM increased ROS as early as 1 h, which further augmented at 3 h (Fig. 2B) . We verified the type of cell death induced by the metals. The RCO were nonapoptotic; however, a robust increase in necrosis was observed. The necrotic population was higher in MM than the individual metal ( Fig. 2C) .
We determined the differentiation of the RCO by assaying the deposition of nascent Ca 2+ in the mineralized nodules. The As and MM suppressed the differentiation, and the effect was synergistic by the latter, having a CI value of 0.883 (Fig. 2D) . We examined whether the in vitro synergistic effect of MM was translated in vivo. For this, the formation of mineralized nodules by BMSC was quantified in the individual metal-and MM-10×-exposed female P-60 rats ( Table 1 ). The effect was higher for MM compared with the individual metals, as well as with a synergistic CI value of 0.634 ( Fig. 2E ). We determined the levels of As, Cd, and Pb in the serum of P-60 rats when treated with the MM-10×. The concentration of Pb was the highest (1007.30 ± 2.20 ppb), followed by As (361.20 ± 4.19 ppb) and Cd (36.18 ± 3.95 ppb).
Effect of MM on Body Weight and Bone Length in Rats During Development
We monitored for changes brought about by MM-1× and MM-10× (Table 1) The developing rats were exposed to individual metals and MM-10× (refer to Table 1 for dose) from G-05 until P-60. BMSC were prepared from long bones, differentiated for mineralized nodule formation for 19 days, and Alizarin red-S stained for mineralization assay. Shown are the representative photomicrographs and quantified Alizarin red-S staining. Data represent means ± SE of three independent experiments in triplicates. *p < 0.05, **p < 0.01, ***p < 0.001 vs. Veh (vehicle), or as indicated. Data represent means ± SE of three independent experiments in triplicates. Data represent means ± SE, n = 10 rats per group. *p < 0.05, ***p < 0.001 vs. Veh (vehicle) or as indicated.
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postnatal rats (for study design, Fig. 1) . The MM induced a dose-dependent suppression (determined weekly) in the body weights (Fig. 3A) , snout-to-tail lengths (determined weekly), i.e., measure of axial skeleton (Fig. 3B) , and the tibial length (at P-60) (Fig. 3C) . Hereafter, to investigate the worst toxic potential of the metals, we continued our studies at the higher dose of the MM, i.e., MM-10× and at P-60.
Effect of MM-10× on Tibial GP
A reduction in the rat appendicular skeletal length by MM-10× suggested anomaly in the cartilaginous GP. We, therefore, assessed the histomorphometry of the tibial GP. The chondrocyte serration and columnization, depicted by the thickness of resting zone (RZ), proliferating zone (PZ), and hypertrophic zone (HZ), were rather distorted in MM-10×-treated rats. A reduction in the proliferative chondrocytes and terminal hypertrophic chondrocytes resulted in the shortening of the GP (Figs. 4A and 4B). We investigated whether the fall in the zone thickness was due to the death of chondrocytes. We observed an increase in apoptosis, and the apoptotic chondrocytes were mainly concentrated in the PZ (Fig. 4C) .
To determine the mechanism of reduced GP, we examined the expression of Ihh and PTHrP, the key regulators involved in the maintenance of GP in postnatal life (Hirai et al., 2011; Maeda et al., 2007) . PTHrP and Ihh are secreted paracrine factors that form a negative feedback loop and critically regulate chondrocyte proliferation and differentiation by their ability to diffuse across the zones of GP (Long and Ornitz, 2013) . At higher magnification (inset of Figs. 4D and 4E of the vehicle panels), the pattern of PTHrP and Ihh immunostaining was found to be intracellular as well as extracellular, indicating the synthesis and secretion/diffusion of these two factors by chondrocytes of the two different zones. PTHrP immunostaining was readily observed in PZ of GP in control rats but was scant in the MM group (Fig. 4D ). Likewise, a strong Ihh immunoreactivity was observed in the HZ of control rats and that was contrasted by its almost undetectable staining in the MM-exposed rats (Fig. 4E) .
Taken together, these observations demonstrate that enhanced apoptosis in proliferative chondrocytes and reduced PTHrP and Ihh expressions in proliferative and hypertrophic chondrocytes, respectively, impair postnatal endochondral bone development upon MM exposure.
Effect of MM-10× on Cartilage to Bone Transition
Effect of MM on GP mineralization was studied by μCT and costaining with Alizarin red-S (stained nascent calcium)/alcian blue (stained cartilage). μCT analysis of 3D coronal sections showed decreased primary spongiosa and much reduced secondary spongiosa in MM-10× rats compared with control ( Fig. 5A ). Figure 5B shows well-formed GP with overlapping pattern of both Alizarin red-S and alcian blue stains running throughout the length of GP, as well as primary spongiosa. By contrast, epiphyseal GP of MM-10× rats was deformed and more invasive that only took up alcian blue but not Alizarin red-S stain, suggesting nonmineralized osteoid-a feature typically observed in osteomalacia. Primary spongiosa of MM-10× rats also had nonmineralized osteoid compared with mineralized zones (Alizarin red-S positive) in the control rats (Fig. 5B) .
Effect of MM-10× on the Cortical Bone Parameters
The cortical bone parameters measured by the cortical bone mass, strength, and microarchitecture were studied at the femur mid-diaphysis. The MM-10×-exposed rats showed a reduction in the BMD (Fig. 6A) . The bone strength parameters, characterized by the ultimate load, energy to failure, and stiffness, revealed a decrease at the femoral mid shaft (Fig. 6B) . The 2D μCT measurements at femur mid-diaphysis depicted attenuation in the Ct. thickness, T.Ar, B.Ar, Ma.Ar, and MMI although closed porosity was increased (Fig. 6C) .
Effect of MM-10× on the Trabecular Bone Parameters
MM-10× induced attrition in the BMD of the trabecular femur and tibia (Fig. 7A) . The trabecular bone strength in the proximal femur showed a reduction in the ultimate load, energy to failure, and maximum stiffness ( Fig 7B) . The 3D μCT reconstruction of trabecular bone images, converted into parameters representing trabecular connectivity, revealed a fall in the BV/TV, Tb.N, and Conn.D, and an increase in the Tb.sp, at both the femur epiphysis ( Fig. 7C ) and tibia metaphysis (Fig. 7D) .
Effect of MM-10× on Bone Metabolic Markers
To study the effect of MM-10× on bone turnover, the bone resorption and formation markers were assessed. The serum PINP was reduced, osteocalcin was increased, and urinary CTx levels adjusted for urinary creatinine (Cr) was triple in MM-10×-exposed rats (Fig. 8) .
Effect of MM-10× on Bone Regeneration After Fracture
We investigated the fracture-healing ability of MM-10×treated rats compared with vehicle control. The rats exhibited a decrease in the mineral deposition (measured from the intensity (Fig. 9A) . The 3D μCT assessment of the internal microstructure of the mineralized tissue in the bony hole revealed a reduction in the BV/TV, Tb.N, Tb.Th, and Conn.D, and an increase in the Tb.sp, Tb.pf, and SMI in the MM-10×-exposed rats (Fig. 9B) .
dIsCUssIon
We used a rat model of human exposure to chronic heavy metal (As, Pb, and Cd) mixture and characterized cellular, metabolic, microarchitectural, and biomechanical impairments caused by the mixture on developing rat skeleton. The major findings are that, the MM exhibited skeletal growth retardation, associated with (1) defects in GP chondrocytes and mineralization, (2) reduced peak bone mass achievement due to reduced osteoblast functioning, (3) development of osteopenia due to increased bone resorption, and (4) delay in fracture repair due to deficient endochondral bone-forming capacity.
During bone remodeling, osteoclasts form resorptive pits in 2-3 weeks, but osteoblasts fill the pits with mineralized matrix in 3-4 months (Kalfas, 2001) . Therefore, loss in osteoblast viability is expected to result in unfilled pits causing diminished bone mass and biomechanical strength. Here, we observed decreased osteoblast viability with metals: Cd being most potent and MM being synergistic. Cadmium has been shown to enhance both apoptosis and necrosis in human osteoblasts (Brama et al., 2012) . However, our data suggest that the metals, individually as well as MM, induced necrosis.
Although the exact cytotoxic mechanism of action of As, Cd, and Pb is being elucidated, oxidative stress appears to play a vital role (Fowler et al., 2004; Whittaker et al., 2011) . We observed that all the three metals, particularly MM, robustly induced ROS generation, which could wear out the antioxidant apparatus of osteoblasts and affect its viability and functions during the progression of remodeling cycle (Almeida et al., 2010; Rudić et al., 2013) . However, the downstream and upstream pathways of ROS that lead to the loss in osteoblast viability by the metals require investigation.
Of the three metals, only As inhibited osteoblast differentiation as assessed by nodule formation, whereas MM strongly and synergistically suppressed it. In vitro synergism in inhibiting osteoblast differentiation was replicated in BMSC (osteoblast precursors), suggesting that MM diminished osteoblast function in vivo. The decrease in mineralization appears to be more pronounced in ex vivo cultures of BMSC than the in vitro effect on RCO, suggesting that the metals exert greater toxic effect on osteoblastic cells in vivo, resulting in a severe reduction of osteoblast differentiation.
The GPs are responsible for driving the process of longitudinal bone growth during pre-and postnatal development (Zuscik et al., 2008) . In GPs, the chondrocytes undergo cell division in the PZ followed by cell differentiation in the HZ (Pacifici et al., 1990) . Arsenic has been reported to increase the thickness of the HZ causing enhanced tibial GP thickening (Odstrcil Adel et al., 2010) . However, we found a reduction in the GP length, probably due to the shortening of PZ and HZ. This disparity could be due to the additional effects of Cd and Pb on the tibial GP, for our study. Furthermore, RZ, a pool of chondrocytesupplying cells to PZ was unaffected by MM. It appears that chondrocyte progression from the RZ to PZ and HZ becomes anomalous due to the suppression of PTHrP-Ihh axis. PTHrP is known to stimulate proliferating chondrocytes and therefore the reduced PTHrP in the MM group might have resulted in increased apoptosis, instead of proliferation of PZ chondrocytes. Proliferating chondrocytes exit mitosis and differentiate to hypertrophic chondrocytes . Ihh, localized to a zone of postmitotic, prehypertrophic chondrocytes immediately adjacent to the PZ, can increase the pool of proliferating cells requiring intact PTHrP signaling . Ihh immunoreactivity was also undetectable in the HZ of MM group. It thus seems that MM suppresses PTHrP production by proliferating chondrocytes leading to increased apoptosis and decreasing the availability of precursor cells for differentiating to hypertrophic chondrocytes. It however, is also possible that MM directly suppressed PTHrP and Ihh. In addition, there was severe under mineralization of GP and primary spongiosa in the MM group that was suggestive of osteomalacia. Together, our data demonstrate that MM retards bone growth by inducing GP disorder that involved downregulation of PTHrP and Ihh in GP chondrocytes and inability to mineralize the cartilaginous matrix.
At the distal end of the epiphyseal GP, hypertrophic chondrocytes undergo apoptosis and provide a template for the formation of trabecular bone (Ornitz and Marie, 2002) . Trabecular BMD and BV/TV in the MM group were diminished and accompanied by reduced Tb.Th, Tb.N, and Conn.D and increased Tb.sp, suggesting the induction of significant trabecular osteopenia. This was translated to decreased resistance (lesser abilities to withstand the strain) to compressive force in the epiphysis, thereby implying that the MM could increase the risk of compression fracture in women. Our finding is in consistence with the report of increased loss of BMD leading to osteoporosis and increased risk of fractures, during environmental Cd exposure (Brzóska and Moniuszko-Jakoniuk, 2004) . It also supports data on aberrant bone remodeling by individual As (Hu et al., 2012) , Cd (Brzóska and Moniuszko-Jakoniuk, 2005a,b; Brzóska et al., 2005) , or Pb (Jamieson et al., 2006) , contributing to reduced BMD (Hu et al., 2012) . It was concluded that environmental exposure to Cd is associated with an increased loss of BMD leading to osteoporosis and increased risk of fractures.
In addition to length gain, developing cortical bones increase in width by apposition of subperiosteal bone, which affords greater bending and torsion strength in long bones through increase in stress endurance (Power et al., 2005) . MM induced a decrease in bone mass and width of the femur diaphysis, as shown by decreased BMD, periosteal circumference and cross-sectional area, and a thinner cortex. In consistence, the femora exhibited lower elastic and strength properties. MMI (bone tension strength) is an architectural surrogate of bone strength that is particularly influenced by the increase in periosteal size. Complementing our direct assessment of bone strength, decrease in MMI in the MM group further suggested reduced biomechanical strength of the femur. In addition, MM induced increased porosity in femur diaphysis. Increase in cortical porosity is a hallmark of osteopenia caused by primary hyperparathyroidism (Eriksen, 2002) . We did not find any differences in the serum and urinary levels of calcium and phosphate between the two groups (data not shown), thus making the possibility of hyperparathyroidism unlikely, and instead suggesting that the deficiency in cortical bone accretion was a direct outcome of the adverse effects of MM on chondrocyte and osteoblast functions. However, the Individually, As (Hu et al., 2012) , Cd (Brzóska and Moniuszko-Jakoniuk, 2005b), or Pb (Dowd et al., 1994) is reported to disturb skeletal homeostasis by affecting bone turnover during skeletal development and maturity and inducing risk of fracture (Carmouche et al., 2005; Godowicz and Godowicz, 1990) . PINP is presently accepted as a clinical serum biomarker for assessing osteoblastic activity (Koivula et al., 2012) and thus bone formation in the treatment of bone loss. We uncovered that MM group had a significant reduction in serum PINP. Therefore, the inhibitory effect of MM on osteoblast in vitro was corroborated in vivo. We also observed a robust increase in urinary CTx, resorption marker (Gorai, 2006) in the MM group, suggesting increased osteoclastogenesis and consequent bone loss. This could be due to the increased ROS generation, as well as the induction of inflammatory response due to osteoblast necrosis. Osteocalcin is produced by osteoblasts and is an important marker of bone turnover, associated with decreased bone mass as observed in postmenopausal osteoporosis (Kanbur et al., 2002) . Our data showing higher osteocalcin levels in MM groups suggest higher rates of bone turnover over control. Together, the profiles of the bone metabolic markers present a state of high turnover bone loss by MM that resembles postmenopausal osteopenia.
Fracture healing, a cellular process mimicking endochondral ossification, is delayed in osteopenic animals and humans (Ferguson et al., 1999) . Because MM impaired endochondral ossification by inhibiting both chondrocyte and osteoblast functions in vivo causing osteopenia, we evaluated the fracturehealing ability. Calcein labeling showed that bone regeneration in the drill hole was diminished in the MM group, attesting to reduced endochondral bone formation. Poor quality of the newly formed bone at the fracture site was evident from several μCT parameters (Tb.Th, Tb.N, Conn.D, and Tb.sp) having reduced compactness in trabecular assembly with geometrically unfavorable structure (high SMI and pattern factor). Therefore, time taken to fracture healing is prolonged, and the quality of the healed bone is inferior in MM-treated rats.
ConClUsIons
Our overall assessment suggests that due to the uncontrolled anthropogenic and geogenic activities worldwide, FIG. 9. MM-10× suppresses bone regeneration in the drill holes. The developing rats were exposed to MM-10× from G-05 until P-60, and a drill-hole injury was created in P-60 rats, followed by calcein labeling after 12 days. (A) Representative confocal images of calcein labeling in the drill holes. Graph shows mean intensity of calcein labeling. (B) Representative 2D μCT images from the center of the bony hole. Graphs show the analysis of the 2D μCT images. Data represent means ± SE, n = 10 rats per group. *p < 0.05, **p < 0.01, ***p < 0.001 vs. Veh (vehicle).
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heavy metals tend to accumulate and contaminate groundwaters and their concurrent exposure makes developing females vulnerable to skeletal damages that include retardation of bone growth, reduced bone accrual and strength, and poor microarchitectural network. At the cellular levels, chondrocyte apoptosis, due to loss of PTHrP and Ihh in the GP likely contributing to undermineralized osteoids, attenuated viability and differentiation of osteoblasts owing to ROS generation, and increased osteoclast activity could variously contribute to adverse skeletal outcomes. Moreover, induction of osteopenia in rats at maturity renders them deficient in healing of fracture. Extrapolating present findings to humans with temporal MM exposure, analogous to that applied in rats, predicts that young adult women are prone to suffer from growth retardation, osteomalacia, reduced peak bone mass achievement, inferior bone quality and fracture healing ability, and osteopenia. Resultant low BMD and poor bone quality at skeletal maturity may also enhance the risk of developing greater degree of osteoporosis and fragility fracture after menopause than women without such MM exposure. Based on our findings, epidemiological assessment of the combined effect of contaminants such as As, Cd, and Pb will provide important information on concomitant exposure-response relationship on human skeletal, which is presently lacking. 
